NMR Experiments
1 H-NMR relaxation measurements were performed on a Bruker 7.05 Tesla magnet with a Tecmag Discovery spectrometer and a Doty Scientific 5 mm tripleresonance XC MAS probe. Carr-Purcell-Meiboom-Gill (CPMG) pulse sequences modified with DEPTH background-cancelling excitation pulses [2] were used to measure the T 2 relaxation, while T 2 -T 2 relaxation exchange experiments (REXSY) were used to qualitatively identify the presence of multiple phases.
[3] For the latter experiments, the number of echoes in the first CPMG sections was varied while keeping the echo time constant (0.2 ms). The number of echoes of the first CPMG was varied logarithmically with 20-25 2D points. For both the CPMG and the T 2 -T 2 experiments, the π pulse lengths were ~20 µs. The temperatures of the NMR experiments were set by a Doty Scientific temperature controller designed for use with the XC probe. The amount of benzene and p-xylene desorbed when varying the temperature was estimated using the simulated adsorption isotherms, and in all cases the proportion of adsorbed molecules greatly exceeds the proportion found in the headspace of the sample (>97% even at 115 °C), which is minimal given the size of the NMR tube used Finally, a fast Laplace inversion numerical algorithm from Magritek was used to generate 1D and 2D relaxation distributions. [4] An optimal smoothing parameter was chosen using the method of the Lcurve. [5] 
Section 2: Simulation Methods

Thermodynamics
Before discussing the different ensembles that we have used in this work it is instructive to discuss the experimental conditions. Experimental adsorption isotherms are obtained by imposing an external pressure (chemical potential) and temperature and measuring the number of adsorbed molecules. At these conditions one would not expect to see coexistence in the adsorbed phase as the system can minimize the free energy by avoiding a gas-liquid interface and hence be entirely in the gas or liquid phase. To mimic this experiment we use grand-canonical (µVT) Monte Carlo simulations.
The situation is different, however, for the NMR experiments. Here a system is prepared with a fixed number of particles in a sealed tube. Hence the number of particles and volume (MOF and tube) is fixed. Unlike the experimental adsorption isotherm system, the free volume is small and cannot act as a reservoir. To see how in this system one can achieve coexistence, one can envision the following thought experiment. We load the MOF with a fixed number of particles and place this in the NMR tube at such low pressure and temperature that the number of gas molecules in the tube is negligible compared to the number of gas molecules in the MOF. We now seal the NMR tube and bring the system to a temperature where coexistence is expected. At this point molecules will leave the MOF and the pressure in the tube will increase; this process will stop once the chemical potential of the adsorbate molecules in the tube is equal to the chemical potential of the adsorbate molecules in the MOF. The difference with the adsorption experiment is that because the NMR tube is small and has a fixed volume it cannot act as a reservoir and hence the total number of molecules that can go from the MOF into the gas phase is fixed. In this situation, at conditions where we have coexistence, the system can no longer increase or decrease the number of adsorbed molecules to have only a liquid or gas phase in equilibrium with the gas in the tube, but the constraint of a fixed volume and number of particles forces the system to stay in coexistence where the relative amounts of gas and liquid are consistent within these constraints. Hence, to mimic the NMR system we use canonical (NVT) Monte Carlo simulations.
Canonical Monte Carlo
NVT simulations were used to observe vapor-liquid coexistence of guest molecules inside the IRMOF frameworks. Liquid-vapor equilibrium was established by selecting a density intermediate to that of the liquid and vapor phases as estimated by the adsorption isotherms generated by the grand-canonical Monte Carlo simulations (SI Table 1 ). The liquid-vapor interface was minimized by choosing a high aspect ratio simulation box which caused the two phases to only form interfaces in the small-area cross-sectional direction.
The density profile shown in Figure 2 was generated by dividing the simulation box into 20 bins per unit cell in the elongated dimension and averaging the number of CH united atoms (and C and CH 3 united atoms for the xylenes) in each bin over the length of the simulation. To examine the effects of the two different types of cages that make up an IRMOF unit cell, the two cross-sectional directions were further subdivided into 2 bins per unit cell (1 bin per cage), and every other cage was averaged in the cross-sectional dimensions to produce separate density profiles for the A and B cages as shown in SI Figure 6 .
At high temperatures, the phases were not stationary but rather moved in the elongated direction, so these density profiles could not be used to produce phase diagrams. Instead, the phase diagrams were produced by dividing the simulation box into 1 bin per unit cell in the elongated dimension; each time data were collected, the liquid phase density was calculated by averaging the N unit cells with the highest densities and the vapor phase density was calculated by averaging the M unit cells with the lowest densities, where N and M are integers specific to the structure. These densities were then averaged over the length of the simulation. We selected values of N and M (SI Table 1 ) to ensure that we neglected regions close to or containing an interface while including as much of the pure phases as possible. This algorithm will necessarily sometimes discard the lowest-density pure liquid bin from being included in the liquid phase density calculation and vice-versa for the vapor phase, which may lead to an overestimation of the liquid density and an underestimation of the vapor density. To estimate the error inherent in this method, we recalculated the density of the IRMOF-10 benzene vapor phase in a worst-case manner, using the 2 lowest-density bins rather than 3, which ensures that at least 1 pure vapor bin will always be discarded from the vapor density calculation; over all temperatures, this gave an average decrease in the calculated vapor density of 12%, which resulted in an increase of the fitted critical temperature by 2 K (less than 1%) and a decrease in the fitted critical density of 2%, which serve as approximate error bounds on the method.
Critical temperatures and densities were obtained by fitting to the density scaling law (with the three-dimensional Ising critical exponent β = 0.32) and the law of rectilinear diameters. [6] The maximum temperature at which data were collected was selected by stopping at a temperature when droplets of liquid were visually observed to nucleate in the vapor phase. Data were collected every 10 cycles over at least 200,000 cycles following at least 200,000 equilibration cycles. Grand-Canonical Monte Carlo µVT simulations were conducted to generate gas adsorption isotherms of benzene and the xylenes in IRMOF-1. Data were collected over at least 50,000 cycles following at least 50,000 equilibration cycles. The IRMOF-1 simulation box consisted of 2 by 2 by 2 unit cells.
SI
Void Fractions
Void fractions were obtained using Widom insertions of helium at 298 K as per Talu and Myers. [7] These void fractions were used to convert the densities of the liquid and vapor phases from units of molecules per unit cell to units of mass per volume of void space for Figure 3 and SI Figure 5 .
Force field
The Lennard-Jones potential was used to describe dispersive interactions with Universal Force Field [8] parameters used for the framework atoms, TraPPE [9] model parameters for the adsorbate molecules, and helium-helium parameters as given by Talu and Myers. [7] Lorentz-Berthelot mixing rules were used with a simple truncation at 14.0 Å. As the TraPPE models do not have partial charges, Coulombic interactions were not used. The adsorbate-framework potentials were pretabulated and interpolated over a 0.1 Å grid. The frameworks were assumed to be rigid and the experimental structures were used. [10] Our choice of force field was validated by comparison to experimental adsorption isotherms (SI Figures 1-4) .
[11] The benzene isotherms of Shim et al. are of the IUPAC IV type which is associated with condensation, but Eddauoudi et al. do not provide sufficient resolution at low pressure to show an initial plateau. For benzene, the simulated condensation pressures well match both sets of experimental data, and the disparity in saturation loadings may be explained by the simulations' use of a perfectly crystalline framework. The simulated xylene isotherms do not match well with the data of Gu et al. that was taken at what our simulations showed to be a supercritical temperature; this may be indicative of poor crystal quality, which would also explain the small BET surface area of Gu et al.'s MOF-5.
Section 3: Discussion
Relaxation Distributions and Internal Field Gradients
In Figure 4A , we assign the third small peak at ~5 ms to benzene molecules near the vapor-liquid interface for several reasons. First, the same peak can be observed in Figure 4C for t echo = 0.2 ms. As t echo increases, the entire distribution shifts to shorter relaxation times, indicating the presence of significant internal field gradients. [12] The relaxation distribution at 295 K also broadens asymmetrically as it shifts to shorter relaxation times. The short-T 2 edge of the intermediate peak (~120 ms) representing liquid benzene molecules shifts more (~30 ms to 1 ms, a factor of 30) between t echo = 0.2 ms and t echo = 1.6 ms than the long-T 2 edge (~550 ms to ~170 s, a factor of 5), indicating that the gradient is not homogeneous. Thus, the benzene molecules at shorter T 2 are subject to stronger gradients. The small short-T 2 component at ~5 ms does not appear to change position with t echo , and at long t echo this component is obscured by the shift in the relaxation distribution. This peak is likely a signal from benzene molecules that experience very strong gradients near the vapor-liquid interface, and thus, T 2 does not depend on t echo (i.e. the localization regime). [12] These T 2 times can be so short as to elude detection. SI Figure 7 shows the T 2 relaxation distributions with varying t echo as in Figure  4C except the applied magnetic field is now much weaker (13 MHz). Notice that the shift of the relaxation distribution is much smaller, indicating the presence of weaker gradients. Because the gradient is weaker, the benzene molecules that possessed T 2 too short for detection now become visible due to longer T 2 , which is illustrated by the more prominent peaks at short relaxation times. Further evidence that the peak at ~5 ms is interfacial benzene can be found in SI Figure 8 which illustrates the T 2 -T 2 relaxation distribution for t exch = 500 ms at 295 K. Exchange can be seen between the short-T 2 peak and the intermediate T 2 peak, indicating that the two populations are also spatially separated on the length scale of microns, which would be the case if the interfacial benzene molecules exchanged with molecules in the center of the liquid droplet.
The effect of the field gradient induced by the vapor-liquid interface may play a role in explaining the shift to shorter relaxation times seen in the relaxation distribution at 343 K in Figure 4A in comparison to the distributions at 295 K and 388 K. The T 1 values measured were ~7.2 s, ~15 s, and ~20 s at 295 K, 343 K, and 388 K, respectively. Thus, at all temperatures, the ratio between T 1 and T 2 is large, suggesting that the T 2 is strongly affected by the field gradient, [13] especially considering that the motion of benzene is relatively unhindered, which would normally result in T 1 = T 2 . [14] The effect of diffusion through a field gradient on T 2 (T 2,g ) can be quantified in the following equation: [12] 
12 where D self is the self-diffusion coefficient of benzene in MOF-5, γ is the gyromagnetic ratio, and g is the gradient strength. Increasing the temperature would decrease the strength of the gradient induced by the vapor-liquid interface, since the difference in magnetic susceptibility between the vapor and the liquid decreases as their densities converge. Conversely, the D self increases with temperature. These two competing effects may be the origin of the non-monotonic shifts in the relaxation distribution with respect to temperature.
Finally, we note that the highest temperature tested (388 K) exceeds the critical point calculated from our Monte Carlo simulations. Given that we still see the presence of field gradients and multiple relaxation populations (Figure 4a) , indicating the continued presence of phase coexistence, we hypothesize that the critical point has yet to be reached experimentally. This discrepancy is not unexpected given the use of a force field, which may underestimate the critical point.
T 2 -T 2 Relaxation Exchange
The timescale of exchange was roughly estimated to be ~100-500 ms, since at shorter exchange times (~50 ms, see SI Figure 9 ) no evidence of exchange was observed. The characteristic length scale of ~10 -5 m was calculated using the middle of the range of previously reported diffusion coefficients (10 -9 m 2 /s). [15] Since the distance that adsorbents could diffuse in the experimental timescales is an order of magnitude smaller than the size of the crystals we used, our results are not dependent on external diffusion.
Multiple phases were also observed with p-xylene in IRMOF-1 using T 2 -T 2 relaxation exchange experiments indicating the presence of vapor-liquid coexistence (SI Figure 10) .
Comparison with Adsorbate Clustering
In several zeolites and MOFs previous workers [16] found that as temperatures are lowered below the adsorbate bulk critical temperature, the height of the first peak in the adsorbate radial distribution function (equivalently, the height of the first peak in the probability density function of finding pairs of adsorbate molecules a given distance apart) increases, which was interpreted as an increase in the degree of molecular clustering. [16] We examined methane adsorption in IRMOF-1, confirmed that our simulations reproduced these previously reported effects at 125 K (SI Figure 11) , and did not find phase coexistence (SI Figure 12) . We did find that phase coexistence was present when the system's temperature was lowered to 50 K (SI Figure 12) -a temperature below the range previously investigated-in accordance with a phase transition experimentally observed in this system at 60 K, [17] and which further demonstrates that the phase coexistence phenomenon is not limited to aromatic adsorbates. [11] Although the experimental data shown are actually excess loadings as a function of pressure, the experimental conditions were such that excess loading is approximately equal to absolute loading and pressure is approximately equal to fugacity.
SI Figure 2
Adsorption isotherms of p-xylene in IRMOF-1. Solid lines and dashed lines are guides to the eye showing adsorption and desorption branches, respectively. Black symbols are experimental data taken from the literature.
[11] Although the experimental data shown are actually excess loadings as a function of pressure, the experimental conditions were such that excess loading is approximately equal to absolute loading and pressure is approximately equal to fugacity.
SI Figure 3
Adsorption isotherms of o-xylene in IRMOF-1. Solid lines and dashed lines are guides to the eye showing adsorption and desorption branches, respectively. Black symbols are experimental data taken from the literature.
SI Figure 4
Adsorption isotherms of m-xylene in IRMOF-1. Solid lines and dashed lines are guides to the eye showing adsorption and desorption branches, respectively. Black symbols are experimental data taken from the literature.
SI Figure 5
Vapor-liquid coexistence curves for benzene, p-xylene, o-xylene, and mxylene in IRMOF-1 and in bulk. The density scaling law (with the three-dimensional Ising critical exponent β=0.32) and the law of rectilinear diameters were used to estimate the critical point and to interpolate the data. [6] Note that the error bars of these calculations are smaller than the symbols. The bulk phase diagrams are taken from simulations performed by Wick, Martin, and Siepmann.
[9] Densities are given in mass per volume void space using a void fraction of 0.832 for IRMOF-1. For the reader's ease, the same figure is shown in SI Figure 14 with the density in units of molecules per unit cell. 
SI Figure 6
Cross-sectionally averaged density profile of benzene in IRMOF-1 at 270 K, distributed by type of cage. IRMOF-1 has two different types of cages that make up the unit cell: A cages where the plane of the phenylene ring faces inside and B cages where the side of the phenylene ring faces inside. In the liquid phase, 63% of benzene molecules reside in an A cage and 37% reside in a B cage, and density maxima are near the corners of the cages. In the vapor phase these percentages are 88% and 12%, respectively, and density maximas are near the corners of the A cages but near the centers of the B cages. Our fractional loadings and positions of density maximas in the vapor phase agree with results from a previous computational study [18] that examined the probability density of benzene in IRMOF-1 at a loading of 10 molecules per unit cell and a temperature of 300 K.
SI Figure 7
T 2 relaxation distributions of benzene in IRMOF-1. The distribution was obtained at 13 MHz, room temperature, and a loading of 9 molecules per unit cell. Note that the shift of the relaxation distributions as a function of the echo period t echo is much smaller than in Figure 4A , indicating weaker gradients as expected at lower applied magnetic fields.
SI Figure 8
A contour plot of T 2 -T 2 relaxation exchange distribution of benzene in IRMOF-1 at 295 K. The presence of exchange between distinct benzene phases in IRMOF-1 within a timescale of t exch = 500 ms is illustrated at a loading of 9 molecules of per unit cell.
SI Figure 9
A contour plot of the T 2 -T 2 relaxation exchange distribution of benzene in IRMOF-1 at 343 K. The lack of exchange between benzene phases in IRMOF-1 within a timescale of t exch = 50 ms is illustrated at a loading of 9 molecules per unit cell.
SI Figure 10
A contour plot of the T 2 -T 2 relaxation exchange distribution of p-xylene in IRMOF-1 at 295 K. The presence of exchange between distinct p-xylene phases in IRMOF-1 within a timescale of t exch = 500 ms is illustrated at a loading of 7 molecules per unit cell.
SI Figure 11
Probability density function for finding pairs of methane molecules at a given separation in IRMOF-1 at 125 K at a loading of 40 molecules per unit cell, normalized such that integration over the range presented gave the same value as integration over the range of the data in reference 16. Note the excellent comparison between our results and those of reference 16.
SI Figure 12
Snapshots of methane in IRMOF-1 at (a) 125 K and (b) 50 K, both with a loading of 40 molecules per unit cell. Vapor-liquid phase coexistence was only observed at the lower temperature.
SI Figure 13
Vapor-liquid coexistence curves for benzene in various IRMOFs. The data is the same as in Figure 3 , but with different units for the densities. 
